A nimals, infected with intestinal nematodes, develop type II helper T (Th2) immune responses, which induce high level of IgE production, systemic eosinophilia, and local eosinophilic infiltration, particularly in the lung (1-4). We still do not know why only lungs develop such severe eosinophilic inflammation (Löffler syndrome) under helminth infection. We recently reported IL-33 is important for acute eosinophilic inflammation by using allergic conjunctivitis model (5).
A nimals, infected with intestinal nematodes, develop type II helper T (Th2) immune responses, which induce high level of IgE production, systemic eosinophilia, and local eosinophilic infiltration, particularly in the lung (1) (2) (3) (4) . We still do not know why only lungs develop such severe eosinophilic inflammation (Löffler syndrome) under helminth infection. We recently reported IL-33 is important for acute eosinophilic inflammation by using allergic conjunctivitis model (5) .
IL-33, a member of IL-1 family cytokine, is a ligand of ST2 (IL-1RL1) (6) . IL-33 was originally reported as a nuclear factor protein in endothelial cells of high endothelial venules (7) . IL-33 is synthesized as an active full-length form and the processing by caspases abrogates its function (8) (9) (10) . It is well documented that IL-33 is important for innate-type mucosal immunity in the lungs and gut (11) and for airway inflammation and peripheral antigenspecific responses (12) . Th2 cells and various types of innate cells including basophils, mast cells, eosinophils, natural helper (NH) cells, and nuocytes express ST2 and produce Th2 cytokines in response to IL-33 (5, (13) (14) (15) (16) . Thus, IL-33-stimulated Th2 cells and innate cells play a critical role in various allergic inflammation by production of IL-4, IL-5, IL-13, and chemokines (5, 6, (14) (15) (16) (17) (18) (19) . Among innate cells, as we previously reported, only basophils and eosinophils produce IL-4 in response to IL-33, and as Moro et al. (15) and Neill et al. (16) showed, only NH cells and nuocytes produce IL-5 in response to IL-33. Helminthic parasite infection induces Th2 immune response. However, it remains uncertain how parasite infection stimulates innate cells to produce Th2 cytokines. Chitin, a widespread environmental biopolymer, provides structural rigidity to fungi, crustaceans, helminths, and insects (20) . Because intranasal administration of chitin induces pulmonary eosinophilia (21) , we focused on the function of chitin as a stimulator for IL-33 production.
In this article, we first demonstrated the alveolar epithelial type II cells (ATII) express IL-33 and Strongyloides venezuelensis infection or intranasal administration of chitin markedly increases the number of ATII cells. Second, we demonstrated that S. venezuelensis infection induces severe eosinophilic inflammation and goblet-cell hyperplasia in the lungs almost dependently on IL-33. Third, this parasite infection induces pulmonary eosinophilia even in Rag2 −/− mice, suggesting the contribution of IL-33-stimulated NH cells. Fourth, this infection strongly and IL-33-dependently increases the number of NH cells. Finally, IL-33-stimulated NH cells induce lung eosinophilic inflammation through their production of IL-5 and IL-13.
Result IL-33 Is Induced in the Lungs after S. venezuelensis Infection. We examined histological differences of the lungs before and after S. venezuelensis infection. C57BL/6 (B6) WT mice, infected with third-stage larvae (L3) of S. venezuelensis, developed eosinophildominated leukocyte infiltration at days 5 and 7 ( Fig. 1 A and B) . Immunohistochemical analysis of lung tissues revealed that there were a small number of cells that expressed IL-33 in their nucleus even before infection (Fig. 1A) . S. venezuelensis infection increased the number of these + cells particularly at days 5 and 7 (Fig. 1A) . These kinetics seemed to be proportional to that of induction of eosinophil infiltration in the bronchoalveolar lavage fluid (BALF) and of IL-33 protein production in the lung ( Fig. 1 B  and C) . Next, we performed kinetic study of Il33 mRNA expression in the lungs after infection. We found S. venezuelensis infection increased the expression of mRNA for Il33 at day 4 and elevated further this expression at day 7 (Fig. 1D) . These kinetics parallel well with that for Il5 or Il13, and the appearance of lung inflammation after S. venezuelensis infection (Fig. 1A) . Nippostrongylus brasiliensis infection induced a similar kinetics of induction of Il33, Il5, and Il13 mRNA in BALB/c mice (Fig. S1A) . Next we sought the IL-33-producing cells in the lung. DAPI staining data confirmed that IL-33 is present in the nucleus. These IL-33 + cells are ATII cells because they were also positively stained for prosurfactant protein C, a specific marker for ATII cells (22) (Fig. 1E , Left). To determine whether other types of cells, such as macrophages, also express IL-33, we stained macrophages with anti-IL-33 antibody and anti-F4/80 antibody, and found that they do not express IL-33 ( Fig. 1E, Right) . As chitin is a component of the outer membrane of parasites (20) , and is included in soluble extracts from Strongyloides stercoralis (23), we examined the capacity of chitin to induce IL-33 production in the lungs. Immunohistochemical analysis of lung tissues revealed that an intranasal administration of chitin promptly increased the number of IL-33 + -ATII cells in the lungs (Fig. 1F ). This treatment promptly increased the IL-33 level in the BALF (Fig. S2A) . We examined whether administration of chitin indeed increased the number of ATII cells. We counted the number of cells negative for T1α, CD16/32, and CD45.2 and positive for MHC class II as ATII cells (22, 24) (Fig. S3 ) and concluded that chitin treatment increased the number of ATII cells at least 72 h after treatment (Fig. 1F) . Taken together, these results indicated that S. venezuelensis infection induces IL-33 production in the lung possibly by the action of chitin.
Generation and Immunological Investigation of Il33
−/− Mice. We wished to determine whether endogenous IL-33 is critically required for establishment of lung eosinophilic inflammation in S. venezuelensis infected mice. For this purpose, we generated Il33 gene-deficient mice (Fig. S4 A and B) and examined their immunological properties. RT-PCR and Western blot analysis showed that the expression of IL-33 was completely abrogated in their lung tissues ( Fig. S4 C and D) . Proportions of T cells, B cells, dendritic cells, neutrophils, and eosinophils in the spleens of Il33 −/− mice were comparable to those of Il33 +/+ and Il33 +/− mice (Fig. S4E ). Anti-CD3-induced cytokine production responses revealed no skewing of splenic CD4 + T cells into Th1 or Th2 phenotype (Fig.  S4F) . Next, we examined the susceptibility of Il33 −/− mice to S. venezuelensis infection. We simultaneously measured their systemic Th2/IgE response and mucosal mast cell activation in vivo. CD4 + T cells prepared from mesenteric lymph nodes of Il33 −/− mice exhibited normal differentiation into Th2 cells (Fig. S5A) . However, the measurement of serum levels of IgE and mouse mast cell protease 1, an activation marker of mucosal mast cells, indicated that the absence of IL-33 partly but significantly diminished these responses ( Fig. S5 B and C) . Furthermore, their capacity to expel S. venezuelensis was also modestly impaired (Fig. S5D) . Thus, IL-33 is partly involved in the host defense against S. venezuelensis infection. hyperplasia in the lungs at day 7, but Il33 −/− mice only modestly developed these changes ( Fig. 2A) , suggesting critical involvement of IL-33 in these responses. Consistent with this modest eosinophilic inflammation, expressions of mRNA for eosinophil markers (25) Epx (eosinophil peroxidase) and Prg2 (major basic protein) in the lungs were significantly lower in Il33 −/− mice than those in Il33 +/+ mice (Fig. 2B ). Because the development and the recruitment of eosinophils are regulated by IL-5, IL-13, and chemokines (e.g., CCL11) (26), respectively, we measured their mRNA expressions. We also measured the mRNA expression for the epithelial cells-derived cytokines, IL-18, IL-33, thymic stromal lymphopoietin and IL-25, all of which are shown to up-regulate allergic inflammation (27, 28) . The expressions of Il5, Il13, and Ccl11 were strongly increased in the lungs of Il33 +/+ mice, but significantly diminished in those of Il33 −/− mice, suggesting that IL-33 is responsible for the productions of IL-5, IL-13, and CCL11, which in turn stimulate eosinophils to grow and infiltrate into the lung (Fig. 2B ). Simultaneous measurement of epithelial cytokines revealed that S. venezuelensis infection selectively increased the expression of Il33 mRNA among these cytokines (Figs. 1D and 2B). These results strongly indicated the IL-33-dependent production of IL-5, IL-13, and CCL11 is essential for goblet-cell hyperplasia and eosinophilic inflammation in the lung after S. venezuelensis infection. Next we examined the proportion of eosinophils in the BALFs. There were very few eosinophils in the BALFs of uninfected mice. However, at day 7 after S. venezuelensis infection, we observed high proportion of eosinophils ( Fig. 2C and Fig. S5E ) in the BALFs from Il33 +/+ mice. In contrast, this proportion in the BALFs from Il33 −/− mice was relatively low ( Fig. 2C and Fig. S5E ). As chitin is shown to induce IL-33 production in the lung ( Fig. 1E and Fig. S2A ), we examined whether Il33 +/+ mice developed eosinophilia after treatment with chitin. We found that mice treated with chitin, displayed infiltration of inflammatory cells around the chitin particles and marked goblet-cell hyperplasia at 72 h (Fig. S2B ). In contrast, chitin-treated Il33 −/− mice failed to develop these changes (Fig.  S2C) . Furthermore, chitin treatment increased the number of eosinophils in the BALF and the expression of Il5 and Il13 mRNA by BALF cells in an IL-33-dependent manner (Fig. S2 D and E) .
S. venezuelensis Infection Induces Pulmonary Eosinophilia Even in the
Absence of Acquired Immune Cells. We wished to directly demonstrate that S. venezuelensis infection induces pulmonary eosinophilia without help from Th2 cells. We infected WT, Rag2
Rag2
−/− mice with S. venezuelensis. All of these mice increased the number of IL-33 + ATII cells in their lungs (Fig. 3A) . Expectedly, like WT mice, Rag2 −/− mice developed pulmonary eosinophilia (Fig. 3B) . WT mice and Rag2 −/− mice also increased the number of eosinophils in the BALFs and the expression of Il33 mRNA and Il5 mRNA in their lungs ( Fig. 3 C and E 
ST2
+ cells, we examined the expression of other surface markers; then, we found they expressed Sca-1, Thy1.2, IL-7Rα, CD25, c-Kit, and ICOS and had limited expression of MHC class II, as described in NH cells (Fig. S6) (30) . In contrast to WT and Rag2
Rag2
−/− mice, which have no NH cells in mesenteric tissues (15) , failed to develop these changes, suggesting the importance of the expression of the γc chain for the induction of pulmonary eosinophilia, NH cell proliferation, and IL-5 expression. NH cells emerged around day 7 after infection and expanded at least until day 14 in WT mice (Fig.  3F ). Along with their expansion, degree of eosinophilia and expression of IL-5 and IL-13 are simultaneously up-regulated ( Fig.1  B and D) . Similar increases in the number of NH cells in the lungs were also observed at day 7 after N. brasiliensis infection (Fig. S1B) .
NH Cells Are Induced in S. venezuelensis Infected Mice in an IL-33-Dependent Manner. We demonstrated that S. venezuelensis infected Il33 +/+ mice but not Il33 −/− mice markedly increased the expression of Il5 and Il13 mRNA in their lungs (Fig. 2B) . Thus, we examined whether S. venezuelensis infection increased the number of NH cells by induction of IL-33 production in the lungs. Compared with Il33 +/+ mice, Il33 −/− mice exhibited significantly reduced number of NH cells in the BALFs (Fig. 4A) , suggesting the importance of endogenous IL-33 for the induction of NH cells. To determine whether IL-33 is directly responsible for increasing NH cells and IL-5 expression, we examined the effects of IL-33 on these responses by intranasal administration. Intranasal administration of IL-33 strongly increased the number of NH cells and eosinophils in the BALF of Il33 −/− mice (Fig. 4B) . At the same time, this treatment strongly increased the expression of Il5 mRNA in the lungs.
This treatment also significantly accelerated the worm expulsion in Il33 −/− mice (Fig. 4B, Right) . Finally, we tried to identify the cells that produce IL-5 in response to IL-33 in the lungs of S. venezuelensis infected mice. We prepared BALF cells from WT mice at day 7 after infection and divided them into two fractions: lineage marker-(CD3, CD4, CD8, CD19, NK1.1, Gr-1, siglec F, IgE) positive and negative fractions. We could not find IL-5-producing cells in Lin + cells, thus excluding the presence of IL- infection (Sv). PAS, periodic acid-Schiff stain. (Scale bars, 100 μm.) (B) Total RNA was prepared from lungs and the levels of mRNA expressions for Epx, Prg2 and indicated cytokines were determined by qPCR. Data are representative of two independent experiments and expressed as the means ± SD (n = 3 ∼5) *P < 0.01, **P < 0.001, ***P < 0.05 (Student's t test). (C) Proportions of eosinophils (Eo), neutrophils (Neu), lymphocytes (Lym), or monocytes (Mono) in the BALF were calculated from flow cytometric analysis of CD45 + BALF cells from S. venezuelensis infected mice (Sv). Data are representative of two independent experiments and expressed as the means ± SD (n = 3 ∼5) *P < 0.05, (Student's t test). (Fig. 4C) . However, we found a substantial proportion of ST2 + cells in Lin − fraction produced IL-5 (Fig. 4C ). Taking these data together, IL-33 contributes to the induction of NH cells, which in turn protect host against S. venezuelensis infection by inducing lung eosinophilia through their production of IL-5 and IL-13.
5-producing Th2 cells in the BALF

Discussion
We demonstrated that S. venezuelensis infection of mice induced severe eosinophilic inflammation, goblet-cell hyperplasia, and accumulation of NH cells, and increased the number of IL-33-producing ATII cells and the expressions of mRNA for Il5 and Il13 in the lungs, even without help from acquired immune cells. Intranasal administration of chitin also induced similar pulmonary changes, suggesting that S. venezuelensis infection induced these alterations principally by the action of chitin. In contrast, Il33 −/− mice infected with S. venezuelensis failed to develop these pathological changes. Thus, IL-33 plays a critical role in induction of eosinophilia and goblet-cell hyperplasia in the lung.
In this article, we showed that S. venezuelensis infection normally induced the development of Th2 cells in mesenteric lymph nodes of Il33 −/− mice, which did not develop severe pulmonary eosinophilia, confirming that there are some innate cells that produce IL-5 and IL-13 in response to IL-33 in the lungs. We could demonstrate that S. venezuelensis infection increased the number of NH cells by inducing IL-33 production in the lungs. Because we could not detect NH cells in the BALF before infection, we speculated that they existed in parenchyma and proliferated in response to IL-33. Consistent with this theory, NH cells were recently found in the normal lung and increased by infection with H3N1 subtype of influenza A virus (30) , and were shown to proliferate in response to IL-33 and IL-2 in vitro (15) . Influenza virus infection induces NH cells/IL-13-dependent airway hyper-reactivity in the lung, but cannot induce pulmonary eosinophilia. This finding is quite different from our case, that S. venezuelensis infection induces IL-33-dependent eosinophilia. We suspected that this discrepancy could come from IL-10 production in influenza virus-infected mice because IL-10 is shown to inhibit eosinophil accumulation (31, 32) .
Pulmonary eosinophilia is a very common complication of helminth infections, such as Strongyloides, Ascaris, Toxocara, and Ancylostoma species (33) . Nevertheless, the physiological relevance and the pathogenesis of pulmonary eosinophilia are still not thoroughly understood. Because helminth infection strongly induces Th2 immune response (4), it is generally accepted that Th2 cells are responsible for inducing both systemic eosinophilia and local pulmonary eosinophilia (Löffler syndrome) (34) . On the other hand, it is well documented that most of the nematodes cause pulmonary eosinophilia during larval migration through the lungs (35, 36) . Indeed, we observed several hemorrhagic areas in the lung tissues of mice at day 5 after S. venezuelensis infection. Furthermore, nematode infection might induce pulmonary eosinophilia without systemic eosinophilia (37) . In this article, we demonstrated lung eosinophilic inflammation seen with Löffler syndrome is induced by the action of NH cells even in the absence of conventional Th2 cells. However, compared with that in S. venezuelensis infected WT mice, the degree of lung eosinophilic inflammation in S. venezuelensis infected Rag2 −/− mice seems relatively mild. Thus, acquired immune cells might partly be responsible for increasing degree of lung inflammation by producing Th2 cytokines.
We demonstrated that mouse ATII cells, which express the surfactant proteins required for the expansion of the lung and produce cytokines and chemokines for immune regulation (24) , began to express IL-33 in their nucleus at day 2 after infection with S. venezuelensis or at 6 h after treatment with chitin. It has been reported that bronchial epithelial cells or alveolar macrophages also express IL-33 (30, 38) . Here we demonstrated that macrophages from S. venezuelensis infected mice did not express IL-33. We speculated that, because influenza virus activates Toll-like receptor 7 (TLR7) signal (39) , macrophages may require TLR signaling for IL-33 expression.
There are two types of alveolar epithelial cells: ATI and ATII. ATII cells only cover 5% of the surface and the remaining 95% of the surface is covered by ATI cells (24) . It may therefore be hypothesized that ATI cells might be more likely to be damaged by microbes, such as S. venezuelensis, than ATII cells. ATII cells have the potential to proliferate and develop into ATI cells eventually, suggesting that damaged ATI cells are replaced by ATII cells. In this article, we demonstrated that administration of chitin induces an increase in the number of ATII cells in the lung. Thus, along with the increased number of ATII cells, the production of IL-33 in the lung is rapidly increased. Subsequently, IL-33 stimulates NH cells to proliferate and to produce IL-5 and IL-13, which in combination induce severe eosinophilic inflammation and gobletcell hyperplasia in the lung.
We demonstrated that NH cells increased in the lungs of S. venezuelensis infected mice. NH cells and nuocytes have similarity in their expression patterns of surface antigens or the capacity for cytokine production. It has been demonstrated that nuocytes expand in response to both IL-25R-mediated and ST2-mediated signalings in N. brasiliensis infected mice (16) . Here we reported that IL-33-deficient mice showed severely impaired accumulation of NH cells in the lungs after S. venezuelensis or N. brasiliensis infection compared with WT mice, although the expression of mRNA for Il25 did not differ in the lungs between WT and Il33 −/− mice or before and after S. venezuelensis infection. At present, we cannot demonstrate that the expanded cells that produce IL-5 and IL-13 in the lungs of S. venezuelensis infected mice are either NH cells or nuocytes. On the other hand, we can exclude the contribution of multipotent progenitor (MMP) cells (40) or innate type-2 helper (Ih2) cells (19) , because MMP or Ih2 cells have been shown to lack ST2 and Sca-1 expression, respectively (41) .
Previous reports have shown that IL-33 is involved in eosinophils expansion (6) . In agreement with this finding, IL-33-deficient mice showed significantly impaired accumulation of eosinophils in their lungs after S. venezuelensis infection. It has been also demonstrated that IL-33 can stimulate eosinophils to increase their survival, adhesion and production of cytokines and chemokines, and to produce superoxide anion and degranulation (5, 42, 43) . These effects of IL-33 for the expansion and the activation of eosinophils might aid to expel infected worms in the lungs.
In conclusion, IL-33 is important not only for the expansion of NH cells but also for their production of IL-5, IL-13, and CCL11, which in turn induce the accumulation of eosinophils in S. venezuelensis infected mice.
Materials and Methods
Helminths Infection. In vivo passage and animal infection of S. venezuelensis were shown previously (44) . N. brasiliensis (Nb) has been maintained in male SD rat. Mice were inoculated subcutaneously with 500 L3 Nb. Details of analyses are described in SI Materials and Methods.
Statistics. All data are shown as the mean ± SD. The numerical data were analyzed using either Student's t test or one-way ANOVA with Dunnett's post test. P values less than 0.05 were considered significant. Pro surfactant protein C, DAPI 
